Abstract: In this paper, a virtual work error estimator is defined to express the discrepancy between a real structure and the analytical model, with which a system identification scheme is developed.
Introduction
The damage in all load-carrying structures, such as building, bridges, air-crafts, spacecraft and offshore platforms, may be continuously accumulated during their service. Structural damage often occurs in one or several individual locations of a structure with the degradation of stiffness_ Some damage assessment methods based on the system identification (SI) techniques have been developed to detect the damage in structural systems during the last decade (e.g., Sanayei and Onipede (1991) , Hajela and Soeiro (1990), Hjelmstad and Shin (1997) , Yeo. and Shin (2000) ). A SI-based damage assessment algorithm consists of system identification and damage assessment. First, the stiffness properties of a given structure are estimated by a SI algorithm and then the damage status of the structure is identified by comparing the changes in stiffness of the structure. Therefore, a stable SI algorithm is essential for a reliable damage assessment. It will be reasonable to say that SI plays an important role for the establishment of maintenance theory.
Either static or dynamic response can be used in SIbased damage assessment algorithms, which are divided into two major categories: dynamic and static. The intent of parameter estimation is to adjust the parameters of the analytical finite element model (FEM) to match the real structure with measured data.
Although there have been many successful examples by applying dynamic parameter identification methods in civil engineering, they also has some disadvantages to this kind of methods. Firstly, a large amount of dynamic data is needed to derive an accurate response of the structure. Generally, an estimated damping matrix must be used, which induces error in the system identification.
Moreover, the identification process usually is not carried out usually at the element level, so that the damage locations can not be exactly known. For static parameter estimation, on the other hand, to express the discrepancy between the real structure and the analytical model, both force error estimator and displacement error estimator are defined respectively, with which several models of structural identification have been proposed. Sheena et al.(1982) developed an identification method on the assumption that the displacements of all degree of freedom must be measured completely. But due to its complexity, they choose limited number of measured displacements to calculate the remaining displacement measurements based on spline theories. This introduces a major source of error for the stiffness matrix of structures. The drawbacks of Sanayer and Scampoli's method are that the displacements should be measured at the same locations where the external loads were applied. In the paper of Banan and Hjelmstad (1993) , the unknowns comprise both constitutive parameters and unmeasured displacements. Therefore the number of unknown variables increases and the stability of calculating process decreases. Sanayei and Onipede (1990) proposed an algorithm in which the unmeasured displacements were condensed, but its limitation is that the degrees of freedom of measured displacements are fixed still in all load cases. The main difference among those methods is how to deal with incomplete measurements or measurement sparsity problem and to chose what schemes are used to solve the minimization problems.
Although those methods are capable of identifying the structural parameters of structures, they could not yet deal with noisy and sparse measured data successfully. This paper focuses on detecting and assessing the damages in structures from measured static response. The use of static response has practical value, since the static displacements can he measured with sufficient accuracy, due to the development of recent measurement technology. The static identification has fewer theoretical complications, and provides clear view of damage detection. Due to those considerations, we propose a virtual work error estimator and adopt an adaptive parameter grouping scheme to develop the system identification scheme. Monte Carlo method is used to simulate the measured data with error. We investigate the relationship between the input error and output error in detail and adopt Hypothsis test to statistically evaluate the status of the existing structures.
Structural Modeling and System Identification
In this section, we define a virtual work error estimator to express the discrepancy between the real structure and For an the identification problem, there is a parameterized finite element model, which is called analytical model above and measured displacement data of a real structure from static tests. We need an index to express the discrepancy between the measured data of real structure and the calculated data from the analytical model. We define the discrepancy of virtual work between the real structure and the analytical model as an index to examine the fitness of estimated results.
The essence of parameter estimation is to find a set of parameters, which can minimize the absolute value of E(p). If the structural stiffness matrix exactly captures the properties of the system and if the measured data were free from errors, then Equ. (5) would be zero.
Although the structure is linear, because of the inversion of matrices, they change into a nonlinear problem.
Parameter Estimation Algorithm
We adopt the square of error value as a criterion of judgment.
Now the smaller the J(p), the better accuracy of fitting we get. The mathematical model of the structure identification is to find {pi,=1,2,•c,nup} so as to minimize (7) To solve this nonlinear optimal problem, one can use any of a number of available optimization methods. Here we use the improved Newton method2) to develop recursive quadratic programming algorithm, which requires the gradient (Jacobi vector) and the Hessian matrix of the error function with respect to unknown parameters. They are given respectively as follows: (8) In which the ith component can be expressed as: (9) (10) where the jth component in ith line is: (11) in which nup is the number of unknown parameters. Now the recursive procedure can be set up for static identification.
(12) (13) in which i idicates the iteration number and [ai] is a damping coefficient matrix to assure that J(pk+1) is smaller than J(pk). For the general Newton method, it is a unite matrix. Besides two criteria are chosen to check the algorithm for convergence. The first one is the change in the scalar error function, J(p) and the second one is changes in the parameters, pi+1j/pij where i is the iteration number and j is the order number of parameters. As to measure the goodness of fit between the real structure and analytical model, the first one is more suitable.
Tolerance limits are set for two criteria. When any of the limits are reached the algorithm is considered to have converged. These limits can be also used to control the desired accuracy in the identified parameters.
Adaptive Parameter Grouping Algorithm
To localize damage in a systematic manner, we introduce an adaptive parameter group subdivision algorithm10)to the proposed parameter estimation model. The main idea of the scheme is to separate damaged parts in finite-element model by subdividing parameter groups sequentially starting from a known baseline grouping.
(Note: when we refer to "baseline" values we mean values determined by a prior application of the algorithm, i.e., values obtained through parameter estimation with measured data). After each subdivision, a new set of parameter groups and their group parameter are established and estimated. By subdividing a suspicious parameter group, parameter become more sensitive and more representative of the real values. Because several damaged regions with different levels of severity may coexist in a structural system, the subdivision should be continuously carried out until all the damaged members are completely extracted. In this process, the parameterized stiffness matrix, shown in Eq. 3, is rewritten as follows: (14) where f. Go to 3.
Fig. 1 Flowchart of Parameter Grouping Algorithm
Numerical simulation studies have shown that the estimation error generally exhibits a significant decrease when damaged elements are clearly separated from undamaged elements. However, when noise exists in the measured data, one cannot be certain that a group contains the greatest degree of damage (or any damage at all) simply because the deviation in the estimated parameter is the greatest. Noise in the measured data may cause a group to behave as if it contains damaged elements even when ait does not. Based on this observation, the current algorithm seeks a candidate subset by carrying out parameter estimation M times, where M is the current number of parameter groups. The subdivision that gives the smallest value of the error function J(p) is then permanently subdivided. The M possible candidate groups are those at the deepest level in the subdivision hierarchy. The groups at lower levels in the hierarchy are not considered any longer as candidates until depth is probed in the current group.
Data Perturbation Method
If the measured data on the real structure were free of error, a single cycle of calculation using the algorithm described above would be enough to track damage out. Any parameter estimation that different from the intact value would be associated with damage. The amount of reduction in the value of the parameter would be indicative of the severity of damage.
Measurements are, unfortunately, never free from error. Practically, measured data always contain certain levels of noise. Those noises include not only true measurement errors, but also those caused by the difference of load and displacement boundary between the real structure and assumed model. The modeling error, as it known, may also include other effects, such as manufacturing inconsistencies, residual or thermal stresses, or material flaws. Because the modeling error is not the topic of this discussion, it is not considered in this paper. Now we only deal with the errors of measurements. Those errors will cause the SI algorithm to estimate parameter values different from the actual properties of the structure. If the experiment were repeated the estimated values would be different. Even though the experiment is repeated under the identical conditions, the measured data show random distribution. Therefore, the parameters calculated from the measured data should be also considered as random variables. Here, we use Monte Carlo to simulate the input data and investigate the relationship between the input error and output error.
Modeling of Input Error
The input data consist of force vectors and displacement vectors. If the force is applied on only one dimension of the freedom space at one time, except for that forced dimension, all other dimensions apparently will have zero in force vector components. On the other hand, the displacement will be formed along all dimensions. In this way, the force can be assumed to have no errors and only displacement vector contains noise. 
The severity of damage SD, which indicates how seriously a member is damaged with the significance level of a, is defined as a relative distance of the estimated one from the intact value (23) Consider a 5-story, two-bay steel frame shown in Fig. 5 is used as an example. The frame was divided into 25 frame elements. Nodes were assigned at every joint, and each node has three degrees of freedom. Elements 1-15 make up the columns, and elements 16-25 make up the beams of the frame. The cross-sectional areas, moment of inertia of elements are listed in table 1 and the elastic modulus of every element of the structure is assumed as follows.
a. Undamaged structure Young's modulus for all elements=206.8 Gpa b. Current structure (or real structure) Damage in the structure is assumed as a reduction in the Young's modulus of element, details of which will be stated late for different cases of the study. All of other elements are considered to be intact. The purpose of this simulation study is twofold. First, the specific application will show clearly the meaning of some of the quantities that have been defined by illustrating how they are used. Second, by putting an additional layer of Monte Carlo simulation on the example we can examine the performance of the algorithm with the consideration of measurement errors.
To meet these objectives, the two different cases will be studied. We set NOBS=30. The number of parameter groups is set not bigger than 5. The locations of the applied force and the corresponding measured displacement are shown in Fig. 4 . Fig. 5 shows the flowchart of numerical simulations. To examine the input-output error relationship, it is desired to plot the GM and GSD values against ire values, which are shown in Fig. 9 and Fig. 10 respectively. They are used to estimate the output error for a given input error, and also can be used to determine the allowable ire by limiting output error for the experiment design. The measurement noise tolerance is expected to vary from structure to structure based on the locations of measurements and the topology of the structure. Even if the results depend on cases, we can determine the stability of algorithm approximately based on Fig. 9 and Fig.10 . This paper focuses on a new detection and assessment algorithm, which is based on the virtual work error estimator with an adaptive parameter grouping scheme and Hypothesis test. The procedure is illustrated and tested using Monte Carlo simulation theories in numerical simulations. The conclusions can be drawn as follows. 1.) It has been recognized in all literatures related to static identification that the number of parameters to be estimated should not exceed that of the number of independent measurements. However, this restriction is no longer a problem with the algorithm derived based on the virtual work error estimator proposed in this paper. 2.) With the decrease of measuring numbers, the output error can be reduced on a large scale. The level of acceptable measurement errors will also be greatly improved comparing with the results in Ref.1).
3.) Hypothesis test is an effective tool to evaluate the damage status of existing structures based on the estimated results.
System identification is a highly nonlinear unconstrained optimal problem, even though the structure is linear one. The loading of computation increases with the increase of element number. Its solvability is greatly depends on the structural characteristics, applied load and measured displacements selected for numerical simulation. More effort should be made to discuss the uniqueness of solution.
